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I. INTRODUCTION 
E l l ip somet r i c  s t u d i e s  are concerned w i t h  the change i n  t h e  
s ta te  of p o l a r i z a t i o n  of r e f l e c t e d  l i g h t  from a "clean" s u r f a c e  o r  
from a s u b s t r a t e  w i th  a f i l m  on i t .  When a clean s u r f a c e  without  
any contamination i s  used as t h e  r e f l e c t i n g  s u r f a c e ,  i t  is  p o s s i b l e  
t o  measure i t s  o p t i c a l  cons t an t s  from these  s t u d i e s .  Conversely, i f  
t h e  o p t i c a l  cons t an t s  of t h e  s u b s t r a t e  are known i t  is  p o s s i b l e  t o  
determine t h e  th i ckness  and r e f r a c t i v e  index of any f i l m  on it .  
The values  of t h e  r e f r a c t i v e  index and t h e  thickness  of t h e  f i l m  can 
be accu ra t e  as the procedure involves only an a n a l y s i s  of t h e  
po la r i zed  l i g h t ,  and no photometry i s  involved i n  t h e  measurements. 
H i s t o r i c a l  Background 
The foundation on which el l ipsometry is  based are t h e  Fresnel  
formulae which are t h e  b a s i c  and fundamental work of Augustin F resne l  
e a r l y  i n  t h e  n ine teen th  century.  These formulae i n d i c a t e  t h a t  when 
l i g h t  i s  r e f l e c t e d ,  e.g. ,  a t  the air-water su r face ,  t h e  two compo- 
n e n t s  v i b r a t i n g  i n  and perpendicular t o  the  plane of incidence a f t e r  
r e f l e c t i o n ,  undergo a phase s h i f t  of 180' o r  O', and furthermore the 
p a r a l l e l  component becomes zero at  a c e r t a i n  angle  c a l l e d  t h e  
Brewster angle.  
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Dmde w a s  t h e  f i r s t  t o  test the v a l i d i t y  of Fresnel  formulae. 
Ell ipsometry is  based on t h e  fundamental work of  Drude' on t h e  
o p t i c a l  p r o p e r t i e s  of l i g h t  r e f l e c t e d  from absorbing sol ids-- l ike 
metals wi th  and without a f i l m  on t h e i r  su r f aces .  Drude der ived a 
t h e o r e t i c a l  expression f o r  t h e  o p t i c a l  thickness  of  a f i l m  and the 
o p t i c a l  constants  of t h e  s u b s t r a t e  upon which t h e  f i l m  w a s  depos i t ed ,  
i n  terms of two parameters cha rac t e r i z ing  t h e  e l l i p s e  r ep resen t ing  
t h e  r e f l e c t e d  l i g h t .  These t w o  parameters were: ( i )  t h e  r a t i o ,  
t a n  $ = r / r  and ( i i )  A = 6 - 6 where r and r are the  F resne l  
r e f l e c t i o n  c o e f f i c i e n t s  f o r  l i g h t  v i b r a t i n g  i n  and perpendicular  t o  
t h e  plane of incidence;  and 6 and 6 are t h e  phase s h i f t s  of t h e s e  P S 
same two components brought about by r e f l e c t i o n .  
equat ions and t h e  appropr i a t e  boundary cond i t ions ,  Drude obtained a 
gene ra l  equat ion now known as t h e  "exact equation" which is  given 
below 
P S  P S  P S 
Using Maxwell's 
= Fresnel  c o e f f i c i e n t s  f o r  r e f l e c t i o n  a t  t h e  f i l m  
from t h e  f i r s t  medium (Fig. 1) f o r  t h e  p a r a l l e l  
l p  * rls where r 
and t h e  perpendicular components r e spec t ive ly  
= Fresnel  c o e f f i c i e n t s  f o r  r e f l e c t i o n  a t  t h e  2p 'r2s r 
f i lm-substrate  i n t e r f a c e  f o r  t he  p a r a l l e l  and 
t h e  perpendicular components r e spec t ive ly .  
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where d = thickness  of  t h e  f i lm 
= angle  of r e f r a c t i o n  (Fig.  1) 
n = t h e  r e f r a c t i v e  index of t h e  f i l m  
A 
$ 1  
1 
= t h e  wavelength of  l i g h t  
It should be  remembered t h a t  t h e  values  of A and $ can be  
obtained experimentally from e l l i p s o m e t r i c  measurements. 
For extremely t h i n  f i lms  (d << A ) ,  Drude f u r t h e r  developed 
-2i6 i n  a series and using only h i s  theory by expanding t h e  t e r m  e 
t h e  f i r s t  term. These equations are r e f e r r e d  t o  as Drude's approxi- 
mate equat ions i n  l i t e r a t u r e  and a f t e r  some rearrangement 
be w r i t t e n  as 
A - A. E -A ( 1  - 
"1 
1 d  
B ( 1  - C)(1 - 7) 7 2$ - 2$, 
they can 
where A 
I n  t h e s e  equat ions,  A and B are functions of t h e  angle  of incidence 
and t h e  o p t i c a l  constants  of t h e  s u b s t r a t e  and C = n: cos $ where 
n and I$ have been def ined before .  
and $o r e f e r  t o  t h e  values obtained f o r  a f i l m  f r e e  su r face .  0 
0 
1 0 
Since then numerous i n v e s t i g a t o r s  ' ' 4  ' have der ived var ious 
approximate equat ions r e l a t i n g  A and $ t o  t he  f i l m  th i ckness  and i t s  
r e f r a c t i v e  index. 
involved i n  using such l i n e a r  approximations of  t h e  exac t  equat ion 
(1.1) and has  shown c l e a r l y  t h a t  f o r  accu ra t e  s t u d i e s  of t h i n  f i l m s ,  
t h e  exac t  equat ion must always be used. 
However, r e c e n t l y  Saxena3 has considered the  e r r o r s  
5 
Although Drude's theory and t h e  equat ion (1.1) are exact, 
t h i s  equat ion cannot be solved i n  a c losed form f o r  t h e  r e f r a c t i v e  
index and thickness  of t h e  f i l m  i n  terms of t h e  measured q u a n t i t i e s  
A and I$. 
been used u n t i l  r ecen t ly .  With the advent of modern e l e c t r o n i c  com- 
p u t e r s ,  t h e  use of t h e  exact  equation is rou t ine ,  once t h e  i n i t i a l  
This has been t h e  reason why t h e  exact  equat ion has  n o t  
programming" i s  complete. I 1  
General Statement of t h e  Problem 
It is w e l l  known t h a t  t h e  su r face  of a f r e s h l y  cleaved 
s i l i c o n  g e t s  contaminated i n  a f r a c t i o n  of a second on exposure t o  
t h e  atmospheric a i r ,  and t h i s  l aye r ,  presumably s i l i c o n  d iox ide  on 
s i l i c o n  a f f e c t s  t h e  var ious p rope r t i e s  such as work func t ion ,  sur- 
f a c e  conductance, photo-conductance, s u r f a c e  recombination v e l o c i t y ,  
low energy e l e c t r o n  d i f f r a c t i o n ,  e t c .  Numerous ar t ic les  have 
appeared on t h i s  t o p i c  and on t h e  var ious ways by which t h i s  s u r f a c e  
e f f e c t  can be diminished o r  i n  some circumstances con t ro l l ed .  On 
t h e  o t h e r  hand, t h e  number of papers t h a t  have appeared on t h e  
n a t u r e  and t h e  exact  c o n s t i t u e n t s  of t h e  contaminant l a y e r  on t h e  
s u r f a c e  are s m a l l .  Moreover, t h e  r e s u l t s  obtained have been sketchy 
and f a r  from s a t i s f a c t o r y .  
It is  p o s s i b l e  t o  uniquely determine t h e  r e f r a c t i v e  index and 
t h e  th i ckness  of t h e  contaminant f i l m  by e l l i p s o m e t r i c  measurements 
provided the  thickness  of the f i lm i s  r a t h e r  l a r g e  (d > 250 i). 
ever, when d i s  small ( i . e .  < 250 A ) ,  a l l  t h e  curves of A and I$ 
p l o t t e d  as a funct ion of f i l m  thickness f o r  va r ious  values  of 
Hm- 
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r e f r a c t i v e  index of t he  f i l m  overlap. Hence, from t h e  experimental  
1 values  of A and J I ,  it  has n o t  been p o s s i b l e  t o  c a l c u l a t e  d and n 
independently.  
This f a c t  can be appreciated more on r e f e r r i n g  t o  Fig. 2 where t h e  
I n  order  t o  c a l c u l a t e  d ,  n must b e  known beforehand. 1 
overlap of t he  curves is shown f o r  measurements w i t h  a i r  as t h e  f i r s t  
medium, as has been t h e  p r a c t i c e  thus f a r .  I n  t h i s  curve 6 = 1' 
corresponds t o  13.6 A. 
Further ,  it i s  n o t  known s o  f a r  whether t h e  r e f r a c t i v e  index 
i t s e l f  depends on thickness  o r  n o t ,  e s p e c i a l l y  when t h e  f i l m  thickness  
is  s m a l l ,  s i n c e  t h e  bulk p rope r t i e s  of t h e  material need no t  neces- 
s a r i l y  hold a t  s m a l l  f i l m  thicknesses.  
I n  t h e  case of s i l i c o n 5  t h e  r e f r a c t i v e  index of t h e  oxide f i l m  
i s  usua l ly  taken t o  be  1.460 f o r  A5461 i. This corresponds t o  t h e  
r e f r a c t i v e  index of v i t r e o u s  s i l i c a .  There is  no evidence t o  ind i -  
cate t h a t  t h e  oxide f i l m  is  i n  such disordered s ta te  f o r  small f i l m  
thicknesses .  As ordered forms of s i l i c o n  dioxide s t a b l e  a t  room 
temperature (e.g. a-quartz, c r i s t o b a l i t e ,  e t c . )  have s l i g h t l y  h ighe r  
r e f r a c t i v e  ind ices  than v i t r e o u s  s i l ica ,  a d i r e c t  determinat ion of 
t h e  r e f r a c t i v e  index of t h e  f i l m  should provide some information 
about t h e  degree of o rde r  at such s m a l l  f i l m  thickness .  Further i f  
t h e  value of t he  r e f r a c t i v e  index f o r  d i f f e r e n t  f i l m  thicknesses  can 
be determined, then i t  w i l l  be of i n t e r e s t  t o  see how i t  v a r i e s  w i th  
f i l m  thickness .  
One poss ib l e  way of determining t h e  r e f r a c t i v e  index and t h e  
th i ckness  of t h e  f i l m  independently is  t o  employ two d i f f e r e n t  f l u i d s  
as t h e  f i r s t  medium (e.g. a i r  and an i n e r t  l i q u i d  l i k e  benzene, o r  
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I I I I I I I I 
10.0 20.0 30.0 40.0 500 60.0 70.0 80.0 90.0 q p ’  
Fig. 2 .  Variat ion of A and $J wi th  6 f o r  t h e  l i g h t  i n c i d e n t  
from a i r  (The numerical values  on the  curves 
r ep resen t  t h e  values of 6 i n  degrees a t  t h a t  point)  
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toluene,  o r  carbon t e t r a c h l o r i d e ,  e t c . )  and s o l v e  f o r  t h e  two vari- 
ables--refract ive index and f i l m  thickness .  
S p e c i f i c  Statement of the Problem 
It i s  proposed t o  determine the thickness and the r e f r a c t i v e  
index of a t h i n  oxide f i l m  on s i l i c o n ,  by allowing l i g h t  t o  be inci- 
dent on t h e  f i lm  from l i q u i d s  l i k e  toluene,  benzene, etc.  Two cases 
arise : 
1. the index of r e f r a c t i o n  of t h e  l i q u i d  is  smaller than 
the  index of r e f r a c t i o n  of t h e  f i l m  ( i . e .  n < n ) o r  
the  index of r e f r a c t i o n  of t h e  l i q u i d  i s  g r e a t e r  than 
t h e  index of r e f r a c t i o n  of the f i l m  ( i . e .  n 
Two subcases arise here:  
0 1  
2. 
> nl).  0 
a. t h e  angle  of incidence i s  less than t h e  c r i t i c a l  
angle  ( i . e .  0, < o r  
t h e  angle  of incidence is  g r e a t e r  t han  t h e  c r i t i ca l  b. 
Both t h e  cases (1) no < nl and (2a) $o < $c can be  s tud ied  by 
using t h e  exact  equat ion of Drude and with t h e  h e l p  of a s u i t a b l e  
computer program t o  s o l v e  t h e  exact equation. 
Case (2b) $o > 0, has  not  been s t u d i e d  t h e o r e t i c a l l y  u n t i l  
6 now f o r  a s u b s t r a t e  having a complex index of  r e f r a c t i o n .  
has considered t h i s  problem when the s u b s t r a t e  i s  a nonabsorbing 
d i e l e c t r i c  medium l i k e  g l a s s .  A completely new set  of equat ions 
have t o  be derived s t a r t i n g  from Fresnel r e l a t i o n s ,  and a s u i t a b l e  
computer program has t o  be  w r i t t e n  f o r  t h i s  case. 
Vasicek 
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It is  proposed t o  i n v e s t i g a t e  whether such a procedure w i l l  
l e a d  t o  increased s e n s i t i v i t y  i n  the  determinat ion of t h e  r e f r a c t i v e  
index and thickness .  
r e s u l t s  t o  explore  t h e  p o s s i b i l i t y  of f i nd ing  a s u i t a b l e  procedure 
of simultaneously determining t h e  r e f r a c t i v e  index and the th i ckness  
of t h i n  f i lms.  
Further  i t  is proposed t o  u t i l i z e  t h e  above 
As far as t h e  author  i s  aware, such s t u d i e s  have no t  been 
r epor t ed  thus  f a r .  
Scope and Limitat ions of t h e  Present S tud ie s  
The technique f o r  s tudying thin f i lms  by allowing l i g h t  t o  
f a l l  from a medium of r e f r a c t i v e  index g r e a t e r  than t h e  f i l m  re f r ac -  
t ive  index i s  a powerful t o o l  which is  descr ibed i n  t h e  la ter  
chap te r s  of t h i s  t h e s i s .  This technique can be  used f o r  many o t h e r  
t h i n  f i lms besides  t h e  case of Si02 f i l m  on S i  discussed here .  One 
s e r i o u s  l i m i t a t i o n  of t h e  method however, i s  i n  t h e  assumption t h a t  
t h e  l i q u i d  does no t  contaminate the "clean" s u r f a c e  n o r  i n t e r a c t  
w i t h  t h e  f i l m  when once i t  i s  formed. This i s  not  an unreasonable 
assumption e s p e c i a l l y  when i n e r t  oxygen f r e e  organic  l i q u i d s  l i k e  
benzene, toulene,  e tc .  are used fo r  such s t u d i e s .  It has been shown 
t h a t  t h e  s u r f a c e  s e n s i t i v e  mechanical p r o p e r t i e s  of c l ean  s u r f a c e s  
of  L i F ,  NaF and CaF2 are n o t  a f f e c t e d  by these inert  l i q u i d s ,  a t  
least during t h e  t i m e  i n t e r v a l  of  t hese  measurements. 16 
10 
11. THEORETICAL 
The t h e o r e t i c a l  s t u d i e s  conducted, f o r  t h e  va r ious  cases men- 
t i o n e d i n t h e  previous chapter ,  are given i n  d e t a i l  i n  t h e  next  few 
pages,  The f ixed constants  used are: 
wavelength of  l i g h t ,  X = 5461 5; 
7 index of r e f r a c t i o n  of s i l i c o n ,  z2 = (4.050-0.028i) 
angle  of  incidence,  $o = 70.0°, un les s  s t a t e d  otherwise 
A computer program has been w r i t t e n  f o r  a l l  t h e  cases where 
s u i t a b l e  expressions f o r  A and $ were a v a i l a b l e .  
mathematical expressions f o r  A and $ were n o t  a v a i l a b l e ,  they were 
de r ived  b e f o r e  w r i t i n g  the program. 
The case where 
Measurements i n  Air 
I n  t h i s  case t h e  well-known Drude's exact equat ions f o r  t h e  
e l l i p t i c i t y  parameters of t h e  r e f l e c t e d  l i g h t  are v a l i d .  For t h e  
sake of  completeness these  equations are given below. 
-216 l + r  r e -2116 
(2 1 )  1s 2s 
r + r  e 
-2i6 r + r e l + r  r e 
i A  l p  2p 
-216 t a n $ e  - 
1s 2s 1P 2P 
and r where J I  and A are t h e  e l l i p t i c i t y  parameters, rlp, r2p, rls, 
are t h e  Fresnel  r e f l e c t i o n  c o e f f i c i e n t  f o r  t h e  p a r a l l e l  (p) and 
perpendicular  ( 6 )  components a t  t h e  i n t e r f a c e s  1 and 2 shown i n  
2s 
11 
Fig. 1. The expressions for these Fresnel  c o e f f i c i e n t s  are given 
below: 
r - (no cos 4 - n cos  no cos 4, + n1 cos go) 1P 1 1  
r = (no cos + - n cos gl) / (n  cos 4 + nl cos 4,) 
(2.2) 
1s 0 1  0 0 
- - 
r = (nl cos 5 - n cos +l) / (nl  cos 5, + n2 cos +1) 2P 2 2  
- 
r = (nl cos 4 - n cos 52)/(nl  cos +1 + i cos 5,) 2s 1 2  2 
i s  t h e  angle  of r e f r a c t i o n  i n  t h e  f i l m  and 5, i s  given by 
- -2 n cos 52 = (n2 - 2 
6 is  r e l a t e d  t o  t h e  thickness  d of 
(2 3) 
t h e  f i l m  by t h e  following equat ion 
21~d 2 2 112 6 = (nl - n2 s i n  +o) 0 
where X is  t h e  wavelength of l i g h t .  
The program given i n  Appendix A was used t o  ob ta in  t h e  values 
of A and $ a t  c l o s e  i n t e r v a l s  of 6 f o r  va r ious  assumed va lues  of t h e  
r e f r a c t i v e  i n d i c e s  of t h e  fi lm. In  t h i s  program t h e  value of RNXA 
(i.e. no) was taken t o  be un i ty ,  the value of t h e  r e f r a c t i v e  index 
of a i r .  Figure 2 shows t h e  v a r i a t i o n  of A and $ as a func t ion  of 6 
when l i g h t  i s  i n c i d e n t  from a i r  on t o  f i lms  w i t h  r e f r a c t i v e  i n d i c e s  
1.406, 1.460 and 1.487 on a s u b s t r a t e  of s i l i c o n .  This case has 
been discussed i n  d e t a i l  by Archer7 and Saxena , 3  and has been 
r epor t ed  he re  f o r  comparison with the r e s u l t s  reported later i n  t h e  
t h e s i s .  Since t h e  r e f r a c t i v e  index of a i r  is  less than t h a t  of t h e  
12 
f i l m ,  there is  a phase change of 180" i n  one of the components of 
t h e  r e f l e c t e d  l i g h t .  
i n  t h i s  case. 
This i s  t h e  reason f o r  p l o t t i n g  A around 180' 
Measurements with Liquids 
1 no < n 
When t h e  index of r e f r a c t i o n  of t h e  l i q u i d  is  smaller than 
t h e  index of r e f r a c t i o n  of t h e  fi lm, t h e  equat ions mentioned i n  t h e  
case of measurements i n  a i r  can be used and a s imi la r  a n a l y s i s  
c a r r i e d  o u t  using t h e  appropr i a t e  value of t h e  r e f r a c t i v e  index of 
t h e  l i q u i d  f o r  RNXA. 
1 no > n 
I n  such a case, two s i t u a t i o n s  are poss ib l e :  Case (1) t h e  
a n g l e  of incidence $J0 is less than t h e  c r i t i ca l  angle  $J 
(= sin-' n,/no) and Case (2)  $o > $c. For both t h e s e  cases d e t a i l e d  
c a l c u l a t i o n s  have been c a r r i e d  out and t h e  r e s u l t s  are discussed 
C 
below. 
Reddy and Bokris17 used a l i q u i d  (an e l e c t r o l y t e )  as t h e  f i r s t  
medium i n  t h e i r  e lectrochemical  s t u d i e s ;  b u t  i n  t h e i r  case t h e  r e f r ac -  
t i v e  index of t h e  f i r s t  medium w a s  less than that of t h e  f i l m  and 
hence they could employ t h e  well-known equations of Archer. 2 
The case where the  f i r s t  medium has a h ighe r  r e f r a c t i v e  index 
than the  f i l m  has a l s o  been considered by P a s s a g l i a  e t  a l .  ,8 b u t  i n  
t h e i r  s t u d i e s ,  t h e  s u b s t r a t e  was nonabsorbing. 
1 3  
Case ( l ) ,  4, < 4c: Here again,  t h e  well-known equat ions of -- 
Drude (2 .1  t o  2.4) are va l id .  Using these  equat ions ,  d e t a i l e d  com- 
pu ta t ions  of A and J, have been made wi th  IBM 7074 Computer using t h e  
program given i n  Appendix A. Of course,  i n  t h i s  case,  the symbol 
RNXA used i n  t h e  program ind ica t e s  t h e  r e f r a c t i v e  index of t h e  l i q u i d .  
It should be noted t h a t  t he  values of t h e  r e f r a c t i v e  ind ices  of t h e  
f i lm  n f o r  which computations can be c a r r i e d  out  is  l imi ted  by t h e  
condi t ion n1 L n o *  s i n  4 
1 
0' 
Figure 3 shows t h e  v a r i a t i o n  of A and J, f o r  6 varying from 
0' t o  180' f o r  t h e  case of l i g h t  inc ident  from the  l i q u i d  to luene  
(nl = 1.496 f o r  A5461 1) on t o  sur face  f i lms of r e f r a c t i v e  i n d i c e s  
1.487,  1.460 and 1.406; on t h e  s u b s t r a t e  s i l i c o n .  The f i r s t  two 
va lues  chosen f o r  t h e  r e f r a c t i v e  index of t h e  f i l m  correspond t o  t h e  
index of c r i s t o b a l i t e  and v i t r eous  s i l i c a  respec t ive ly .  The value 
1.406 f o r  the r e f r a c t i v e  index of t h e  f i l m  corresponds t o  a c r i t i c a l  
angle  s l i g h t l y  l a r g e r  than the  angle of incidence of 70' used i n  the  
c a l c u l a t i o n s .  Representat ive values of 6 are marked on t h e  curves.  
The most s t r i k i n g  r e s u l t  which i s  apparent on a s tudy of t h e  
f i g u r e  is the  very l a r g e  change i n  A and an apprec iab le  change i n  J, 
f o r  small changes i n  6 as t h e  angle of incidence approaches t h e  
c r i t i c a l  angle .  
f i l m  used i n  t h e  c a l c u l a t i o n  1 .487 ,  A changes from 7.65" a t  6 = 0 
t o  -20.27' at 6 = 32'. While f o r  the smallest r e f r a c t i v e  index of 
For example f o r  the h ighes t  r e f r a c t i v e  index of t he  
f i lm ,  1.406 ( i . e .  when t h e  cr i t ical  angle  is only s l i g h t l y  l a r g e r  
than  the  angle  of incidence) A changes from 7.65' a t  6 3 0 t o  -56.12' 
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Fig. 3. Varia t ion  of A and $ with  d f o r  t h e  l i g h t  
i nc iden t  from toluene 
on t h e  curves represent  t h e  values  of 6 i n  
degrees a t  t h a t  point)  
(The numerical  va lues  
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The apparent 
when using a l i q u i d  
highly increased s e n s i t i v i t y  wi th  r e s p e c t  t o  6 
of s u i t a b l e  r e f r a c t i v e  index i n s t e a d  of a i r  as 
t h e  f i r s t  medium i s ,  however, very decept ive.  This can be  seen  from 
Table 1, where t h e  f i l m  thickness  and t h e  changes i n  A corresponding 
t o  value of 6 = 0.10 are given fo r  var ious l i q u i d s .  As one approaches 
2 2 t h e  c r i t i ca l  angle,  (nl - n2 s i n  $ ) tends t o  ze ro  and hence i t  i s  0 0 
seen from equat ion (2.4) t h a t  a small value of 6 corresponds t o  a 
l a r g e  value of d. Thus i t  appears t h a t  t h e  s e n s i t i v i t y  w i t h  r e s p e c t  
t o  t h e  f i l m  thickness  is about t he  same whatever be t h e  f irst  medium. 
Figure 4 e x h i b i t s  t h e  v a r i a t i o n  of A and JI as a func t ion  of 6 
f o r  t h r e e  d i f f e r e n t  values  of t h e  r e f r a c t i v e  index of t h e  l i q u i d .  
The angle  of incidence is again assumed t o  be 70' and t h e  r e f r a c t i v e  
index of  t h e  f i l m  on a s u b s t r a t e  of s i l i c o n  is assumed t o  be  1.460. 
The r e f r a c t i v e  i n d i c e s  1.467 and 1.496 f o r  the l i q u i d  correspond t o  
t h a t  of carbon t e t r a c h l o r i d e  and toluene r e spec t ive ly .  The value 
1.5536 f o r  t h e  r e f r a c t i v e  index of t h e  l i q u i d  corresponds t o  a 
c r i t i ca l  angle  s l i g h t l y  l a r g e r  than 70'. The curves again show t h e  
same f e a t u r e s  as descr ibed i n  t h e  previous paragraph. 
Case ( 2 ) ,  I$, > $c: When t h e  angle  of incidence +o i s  g r e a t e r  -- 
than t h e  c r i t i c a l  angle  $c, t o t a l  r e f l e c t i o n  t akes  p l a c e  a t  t h e  
l i qu id - f i lm  i n t e r f a c e .  However, a dis turbance i s  propagated i n s i d e  
t h e  f i l m  and t h i s  decays exponent ia l ly .  For very small f i l m  thick-  
nes ses  one would expect t h i s  dis turbance t o  be r e f l e c t e d  from t h e  
i n t e r f a c e  between t h e  f i l m  and t h e  s u b s t r a t e  and a f f e c t  t h e  va lues  
of A and JI. 
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Table 1 
Values of ( A  - bo) and d i n  the Three Systems: 
a i r ,  C C l 4  and CgHgCH3 
n1 = 1.460 +o = 70' 6 = 0.10 
0 n 
A - A. 
( i n  degrees) 
do 
in A 
a i r  







0 .42  
0 .21  
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Fig. 4 .  Variat ion of A and + wi th  6 f o r  t h e  l i g h t  
i n c i d e n t  on a v i t r eous  s i l i ca  f i l m  on s i l i c o n  
(The numerical values on t h e  curves r ep resen t  
t h e  values  of 6 i n  degrees a t  t h a t  po in t )  
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6 Vasicek has considered t h i s  problem f o r  t h e  case when t h e  
s u b s t r a t e  i s  a nonabsorbing d i e l e c t r i c  medium l i k e  g l a s s .  But f o r  
an absorbing s u b s t r a t e  l i k e  s i l i c o n ,  t h e  r e s u l t s  w i l l  be  d i f f e r e n t .  
S u i t a b l e  expressions f o r  A and J, have been der ived f o r  such a case 
as shown below. 
L e t  us consider l i g h t  i nc iden t  from a medium of r e f r a c t i v e  
index n on t o  a f i l m  of r e f r a c t i v e  index n and l e t  t h i s  f i l m  l i e  on a 
s u b s t r a t e  of complex r e f r a c t i v e  index > nl, and the  ang le  
of incidence Q then t h e  r e f l e c -  
t i o n  c o e f f i c i e n t s  a t  t h e  f i r s t  boundary are 
0 1 
I f  n 2' 0 
g r e a t e r  than t h e  c r i t i c a l  angle  Q 0 C' 
1 6  ' 
S r '  = e 
S 
where 6 '  and 6 '  are given by P S 
2 2 1 / 2  
0 tan 1/26; - ( 4  s i n  Q~ - nl> /no cos 4 
and 
2 n 
t a n  1 / 2 6 '  = - O t a n  1/26;  P 2 
nl 





To c a l c u l a t e  rl' and r" l e t  us take t h e  l i m i t i n g  case, x = 0. 
I n  t h i s  case t h e  medium of r e f r a c t i v e  index n 
P S 
is i n  d i r e c t  
contac t  wi th  medium of complex r e f r a c t i v e  index i2 and t h e  r e f l ec -  
i 6 O  
t i o n  c o e f f i c i e n t s  roe and r e are given by 
0 
o s  







n cos o - n cos 5 
P n cos o + n cos 5 
i s  O 2 0 0  - r e  O p =  
2 0 0  
- 
2 
n cos o - n cos 5 
r e  O s a  0 0 2  
i 6 O  
S 
2 
n cos o + G cos 5 0 0 2  
1 6 '  
1 6  O e P + rll 
r e  O p = -  













0 i(6:  - 6;) 
i ( 6 O  + 6;) 




1 - r e  
r'' = -e 
S 
Now f o r  an a r b i t r a r y  thickness  d of f i lm ,  
(2.18) 
(2.19) 
[I - rpe O + &;)I 
S ince  
(2.22) 
one can eva lua te  + and A from equations (20, 21, 22).  
t i o n s  have been performed w i t h  t h e  h e l p  of I B M  7074 computer ( see  




Figure 5 shows t h e  va r i a t ion  of A as a func t ion  of 6 '  f o r  
var ious angles  of incidence beyond t h e  c r i t i c a l  angle ,  f o r  l i g h t  
i nc iden t  from toluene wi th  a r e f r a c t i v e  index 1.496 on t o  a f i l m  of 
r e f r a c t i v e  index 1.460 on s i l i c o n .  F ina l ly  Fig. 6 shows the var ia -  
t i o n  of A as a func t ion  of 6 '  f o r  an angle of incidence 89', t h e  
l i q u i d  medium being toluene.  I n  t h i s  case t h e  f i lms  on t h e  s i l i c o n  
su r face  have d i f f e r e n t  r e f r a c t i v e  ind ices  varying from 1.100 t o  
1.460. 
an enlarged s c a l e .  
of these  f i g u r e s  are: 
( i )  
In Figs.  5 and 6 t h e  region of 6 '  from 0 t o  40' i s  shown on 
The main conclusions t o  be drawn from a study 
The o v e r a l l  s e n s i t i v i t y  i n  t h i s  technique is  very poor 
compared t o  t h a t  when t h e  angle  of incidence 4 i s  less than t h e  
c r i t i ca l  angle  4,. 
0 
( i i )  A l l  the  change i n  A takes  p lace  f o r  6 '  less than 80'. 
For l a r g e r  values of 6 ' ,  i n  o the r  words f o r  l a r g e r  th ickness  of the  
f i l m s ,  t h e r e  is almost no change i n  A .  This would be expected 
s i n c e  i n  t h e  phenomenon of t o t a l  i n t e r n a l  r e f l e c t i o n  t h e  d i s tu rb -  
ance which penet ra tes  t h e  f i lm  decays exponent ia l ly  and hence 
inc reas ing  t h e  f i l m  th ickness  beyond a c e r t a i n  value w i l l  have no 
e f f e c t .  
( i i i )  A study of Fig. 6 revea ls  a decrease i n  s e n s i t i v i t y  
wi th  inc reas ing  c r i t i c a l  angle.  
( i v )  As t h e  angle  of incidence is  increased from t h e  
c r i t i c a l  angle  t h e  s e n s i t i v i t y  increases  i n i t i a l l y ,  and then starts 
t o  decrease.  This i s  seen i n  Fig. 5. 
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The f i n a l  conclusion from t h e s e  s t u d i e s  i s  t h a t  i t  i s  n o t  
advantageous t o  work wi th  angles of incidence g r e a t e r  than t h e  
c r i t i ca l  angle.  
Conclusions 
From t h e s e  t h e o r e t i c a l  s t u d i e s  i t  can be  concluded t h a t  i n  
e l l i p somet ry ,  l i g h t  can be allowed t o  be  i n c i d e n t  from a dense 
medium l i k e  a l i q u i d  on t o  a f i l m  over an absorbing s u b s t r a t e .  
such a case two b a s i c  s i t u a t i o n s  a r i s e :  ( i )  when t h e  ang le  of 
In 
incidence 0, is  less than the c r i t i ca l  angle  0 and (ii) when 0, ’ 0,. 
C 
It is  f u r t h e r  concluded from t h e  d e t a i l e d  c a l c u l a t i o n s  t h a t  t h e  
s e n s i t i v i t y  with which t h e  thickness of t h e  f i l m  wi th  an assumed 
r e f r a c t i v e  index can be measured i 
f i r s t  medium f o r  case ( i )  b u t  i n  the case ( i i )  t h e  s e n s i t i v i t y  i s  
very poor. 
nea r ly  t h e  same whatever be  t h e  rs 
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111. INSTRUMENTATION 
The ins t rumenta t ion  t o  be used wi th  t h e  e l l i p somete r  was 
developed keeping i n  mind t h a t  the same ins t rumenta t ion  could be 
used i n  t h e  s t u d i e s  of k i n e t i c s  of ox ida t ion  of s i l i c o n  i n  t h e  
i n i t i a l  r ap id  oxida t ion  region where measurements have t o  be made 
i n  vacuum. 
It is w e l l  known t h a t  t h e  sur faces  of a f r e s h l y  cleaved sample 
of any material, e.g.  l i k e  a s i l i c o n  s i n g l e  c r y s t a l  g e t  contami- 
na ted  by oxygen and o t h e r  cons t i t uen t s  of t h e  atmospheric a i r  wi th in  
a f r a c t i o n  of a second. Further,even i n  t h e  b e s t  vacuum a v a i l a b l e  
in t h e  l abora to ry  no t i ceab le  contamination of such a "clean" s u r f  ace 
by oxygen can be de tec ted  i n  a matter of minutes. Hence i n  s t u d i e s  
such as t h e  oxida t ion  k i n e t i c s  of  "clean" s u r f a c e s  i t  is imperat ive 
t h a t  t h e  method of measurement must s a t i s f y  both t h e  following con- 
d i t i o n s :  (i) t h e  measuring technique i t s e l f  should no t  i n f luence  
t h e  proper ty  being s tud ied  and (ii) t h e  t i m e  taken t o  complete one 
measurement a t  any stage mus t  be very small--at least of t h e  order  
of a second i f  no t  less. 
ven ien t ly  used f o r  t h e s e  type of s t u d i e s ,  provided t h e  second 
condi t ion  is s a t i s f i e d .  The following desc r ibes  an experimental  
arrangement by which t h i s  has been achieved a t  a r e l a t i v e l y  moderate 
c o s t .  
ment similar t o  t h i s  has  not  been described i n  t h e  l i t e r a t u r e .  
The e l l i p somet r i c  technique can be con- 
As f a r  as t h e  au thor  is  aware, such a system o r  any arrange- 
26 
Since the experimental  arrangement is  almost i d e n t i c a l  f o r  
p o l a r i m e t r i c  measurements, the same procedure can be adapted t o  
advantage t o  s tudy t h e  t i m e  dependence of t h e  o p t i c a l  r o t a t o r y  power 
of mutarotatory materials and such o t h e r  phenomena which are s t r o n g l y  
t i m e  dependent. 
Experimental Technique 
The p r i n c i p l e  as w e l l  as the b a s i c  instrumentat ion of 
e l l i p somet ry  is w e l l  known and has been descr ibed i n  numerous publi-  
ca t ions .  9y10 
experimental  set up used i n  e l l i p s o m e t r i c  measurements. 
p i t u l a t e  b r i e f l y  t h e  e l l i p somete r  is a standard p o l a r i z i n g  spectrom- 
eter wi th  t h e  f a c i l i t y  t o  introduce a q u a r t e r  wave p l a t e  i n  t h e  
o p t i c a l  pa th  e i t h e r  be fo re  o r  a f t e r  r e f l e c t i o n  from t h e  experimental  
s u r f a c e .  Consider t h e  former case, i.e. the q u a r t e r  wave p l a t e  
transmits t h e  inc iden t  beam and t h a t  i t  is  f i x e d  i n  o r i e n t a t i o n  wi th  
t h e  f a s t  a x i s  i n c l i n e d  a t  45" t o  the plane of incidence.  
case when t h e  p o l a r i z e r  and analyzer are s u i t a b l y  o r i en ted  so t h a t  
t h e  beam r e f l e c t e d  from t h e  s u r f a c e  is extinguished by t h e  ana lyze r ,  
then i t  can be shown'' t h a t  
Figure 7 is a schematic r ep resen ta t ion  of t h e  
To reca- 
I n  such a 
A 90" - 2P 
and J, -A 
where A and J, are t h e  e l l i p t i c i t y  parameters which d e f i n e  t h e  r a t i o  
of the Fresne l  c o e f f i c i e n t s  f o r  the p and s component waves i .e . ,  
i A  r 





and P and A are t h e  o r i e n t a t i o n s  of the p o l a r i z e r  and analyzer  a t  
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e x t i n c t i o n .  
Further  it is  usua l ly  found t h a t  only one of t h e s e  two 
I e l l i p t i c i t y  parameters vary s i g n i f i c a n t l y  while  t h e  second remains 
I e s s e n t i a l l y  coastant  during t h e  course of an experiment of s h o r t  
du ra t ion .  For example i n  t h e  case of t h e  formation of Si02 over  S i  
i n  a i r ,  during t h e  t i m e  A v a r i e d  by 2',  t h e  v a r i a t i o n  i n  J, w a s  only 
0.01'. Thus i n  t h i s  case one can follow t h e  formation of t h e  con- 
taminat ing oxide l a y e r  on t h e  su r face  of s i l i c o n  by following t h e  
changes i n  A keeping J, constant ;  i n  o t h e r  words i n  t h i s  experiment 
it is only necessary t o  change t h e  p o s i t i o n  of p o l a r i z e r  P keeping 
t h e  analyzer  A f i x e d ,  t o  o b t a i n  good e x t i n c t i o n .  Of course,  when 
l a r g e  thickness  v a r i a t i o n s  of the contaminating l a y e r  are considered, 
i t  w i l l  be  necessary t o  vary both A and J,. 
t h e  t i m e  i n t e r v a l  is  usua l ly  much l a r g e r  and thus i t  is  n o t  necessary 
t o  employ a rapid determination technique. 
However i n  such cases 
Details of Instrumentation 
I n  t h e  experimental  s e t u p  developed shown schematical ly  i n  
Fig. 8 t h e  l i g h t  source is a high i n t e n s i t y  PEK # l l O  d.c. mercury 
arc lamp wi th  a luminous i n t e n s i t y  of approximately 14,000 
candles/cm . 
opera t ing  vol tage and cu r ren t  f o r  the lamp. The a.c. r i p p l e  on t h e  
ou tpu t  of t h e  401 power supply w a s  measured t o  be less than 3% of 
t h e  d.c. vo l t age  a t  t h e  r a t e d  load. 
would be advantageous i n  reducing the a.c. r i p p l e  no i se .  However, 
2 A PEK Model 401 power supply provides t h e  necessary 
A b e t t e r  regulated power supply 
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t h e  major problem w i t h  t h e  lamp is  an i n t e n s i t y  d r i f t  which required 
t h e  n e c e s s i t y  t o  a d j u s t  t h e  power supply f o r  constant  c u r r e n t  every 
1 / 2  hour. 
e l imina t ing  t h i s  d r i f t ,  bu t  such a c o n t r o l  has  n o t  been employed i n  
the se tup  shown. 
housing which provides a variable-focus (12"-30") p r o j e c t i o n  l e n s  
system. The lens is ad jus t ed  t o  obtain nea r ly  p a r a l l e l  l i g h t  output 
i n  t h e  green s p e c t r a l  region. 
An opera t iona l  feed back c o n t r o l  may prove u s e f u l  i n  
The lamp itself is mounted i n  a PEK Model 910 lamp 
The l i g h t  output  passes  through a Fabry-Perot t ransmission 
type second-order i n t e r f e r e n c e  f i l t e r  f o r  A5461 1. 
source  i s  a high p res su re  mercury arc, t h e r e  i s  n o t i c e a b l e  contin- 
uous background p a r t i c u l a r l y  the  t h i r d  o rde r  t ransmission of t h e  
i n t e r f e r e n c e  f i l t e r  i n  t h e  region a t  3780 A. 
i n  the near  u l t r a v i o l e t  is  t ransmit ted by the  i n t e r f e r e n c e  f i l t e r ,  
i t  was necessary t o  remove it by using a broad band yellow t r ans -  
m i t t i n g  f i l t e r  t o  ob ta in  accu ra t e  values of t h e  e l l i p t i c i t y  
parameters.  
Since t h e  l i g h t  
Since t h i s  background 
The l i g h t  is  then chopped by a mechanical chopper. S e l e c t i o n  
of t h e  chopping frequency should involve t h e  cons ide ra t ion  of t h e  
amplifying device.  
varies as t h e  r e c i p r o c a l  of t he  frequency nea r  ze ro  frequency due t o  
t h e  so-called f l i c k e r  e f f e c t  ( l / f  noise) .  
t h e  s i g n a l  should have t h e  frequency above lOhz f o r  tube-type ampli- 
f i e r s  and above 500hz f o r  t r a n s i s t o r  systems. The chopper employed 
i n  t h e  s e t u p  shown is  a Princeton Applied Research Model BZ-1  pro- 
v id ing  an i n t e r r u p t i n g  frequency of 400hz. The chopper provides  a n  
Amplifiers have a n o i s e  power spectrum t h a t  
To avoid t h e  l / f  n o i s e ,  
I . 
e l e c t r i c a l l y  i s o l a t e d  square-wave s i g n a l  (1 v o l t  p-p) and t h i s  s i g n a l  
is  used as t h e  r e fe rence  f o r  t h e  lock-in ampl i f i e r .  
The l i g h t  beam i s  then coll imated by t h e  entrance l e n s  
arrangement of a Gaertner el l ipsometer  and i s  l i n e a r l y  po la r i zed  by 
a Glan-Thompson prism. The standard e l l i p somete r  u n i t  w a s  modified 
along t h e  following l i n e s  i n  order t h a t  t h e  minimum s e t t i n g  of t h e  
p o l a r i z e r  could be determined t o  within f0.01' and i n  a s h o r t  t i m e  
of t h e  o rde r  of 1 sec. The p o l a r i z e r  mount i s  a t t ached  t o  a 360 
t o o t h  worm gear  which i s  dr iven by a synchronous motor. 
t i o n  of t h e  worm r o t a t e s  t h e  worm gear ( p o l a r i z e r )  through exac t ly  
1'. 
w i t h  a s m a l l  h o l e  through it t o  pass a narrow beam of l i g h t  once 
every revolut ion.  
a r e l a y  counting network (Fig. 9 ) .  The counting network provides  
the  sweeping c o n t r o l  by r o t a t i n g  the p o l a r i z e r  a set  number of 
degrees ,  r eve r s ing  d i r e c t i o n ,  d r iv ing  back t h e  same number of degrees  
and cont inuing t h i s  r eve r s ing  process u n t i l  stopped. 
One revolu- 
The s h a f t  on which t h e  worm i s  mounted has  a blank gear  d i s c  
The beam of l i g h t  h i t s  a pho toce l l  which accua te s  
Since t h e  i n i t i a l  formation of t h e  contaminating l a y e r  occurs 
very f a s t  i t  i s  d e s i r a b l e  t o  t ake  a s  many readings as p o s s i b l e  i n  a 
s h o r t  time. The speed of t h e  motor w a s  s e l e c t e d  t o  d r i v e  t h e  
p o l a r i z e r  a t  a rate of l0/sec,  (60 RPM).  Higher speeds were t r i e d  
b u t  t h e  major f a c t o r  h e r e  is t h a t  the t i m e  constant  of t he  lock-in 
a m p l i f i e r  must be reduced, thus inc reas ing  t h e  e f f e c t i v e  bandwidth 
and t h e  r e s u l t a n t  noise .  Also connected t o  t h e  d r i v e  s h a f t  is  a 
lO-turn p r e c i s i o n  potentiometer.  
d i v i d e r  c i r c u i t  (X-axis con t ro l )  i s  used t o  provide t h e  angles of 
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Fig. 9. Sweep cont ro l  
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10 mv a t  t h e  output  of t h e  X-axis c o n t r o l  and t h i s  output  d r i v e s  t h e  
X-axis of t h e  c h a r t  recorder .  Correlat ion of t h e  p o l a r i z e r  p o s i t i o n  
t o  t h e  c a l i b r a t i o n s  on t h e  c h a r t  paper i s  made by allowing 10 mv = 
1' = 1" of movement along t h e  X-axis. 
h ighe r  r e s o l u t i o n  i n  reading accuracy of f0.01" o r  b e t t e r .  
A 10 mv = 1" = 2" provides  
I f  an X-Y recorder  i s  n o t  a v a i l a b l e ,  a s tandard r o l l - c h a r t  
recorder  can be employed by providing a marker-pulse. 
of l"/sec w i l l  provide a r e so lu t ion  of  l0/l1'. 
A c h a r t  speed 
To provide accu ra t e  
where i2 = mean s h o t  n o i s e  cu r ren t  
i 
n 
= average p h o t o e l e c t r i c  s i g n a l  cu r ren t .  
General cons ide ra t ions  f o r  improving t h e  S/N r a t i o  of photo- 
m u l t i p l i e r  d e t e c t o r s  are 
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( i )  The photomul t ip l ie r  used should have a photocathode 
which shows peak s e n s i t i v i t y  a t  the  wavelength being used. 
s e t u p  shown, using a wavelength of A5461 A, a S-11 s p e c t r a l  response 
w a s  a s a t i s f a c t o r y  choice. 
I n  t h e  
(ii) Cooling the  photomul t ip l ie r  w i l l  reduce thermionic  
emission (dark c u r r e n t ) .  This would be necessary i f  t h e  l i g h t  
i n t e n s i t y  were extremely low. 
a PEK d l l 0  mercury lamp. 
It w a s  found n o t  necessary when using 
( i i i )  Using as low a vol tage on the  photomul t ip l ie r  tube  as 
is cons i s t en t  wi th  t h e  required gain. A n  RCA IP-21 PM tube  wi th  a 
supply vol tage  of 500-800 V and a 10 s t a g e  vol tage  d i v i d e r  of t e n  
25 K r e s i s t o r s  provides  a s a t i s f a c t o r y  arrangement. I f  t h e  s i g n a l  
is very low, cool ing the  PM tube  should be t r i e d  f i r s t  r a t h e r  than 
inc reas ing  the  supply vol tage .  
The lock-in ampl i f i e r  employed i n  t h e  se tup  shown i n  Fig. 7 
is a Pr ince ton  Applied Research Model JB-4. 
a d e t e c t i o n  system capable of operat ing with an extremely narrow 
equ iva len t  no i se  bandwidth. The s i g n a l  i npu t  is  appl ied t o  a f re -  
quency s e l e c t i v e  ampl i f i e r  wi th  a Q *  25 t o  l i m i t  t he  input  band- 
width.  The output  of t h e  s i g n a l  ampl i f ie r  is appl ied  t o  the  inpu t  
of a phase s e n s i t i v e  de t ec to r  which mixes the  inpu t  s i g n a l  and t h e  
r e fe rence  s i g n a l  so as t o  produce the  corresponding sum and d i f f e r -  
ence f requencies ,  A low-pass f i l t e r  s t o p s  the  upper po r t ion  of t h e  
band, bu t  the lower s i d e  (d.c.1 is passed by t h e  low pass  f i l t e r ;  
t h e  bandwidth of which determines the e f f e c t i v e  bandwidth of t he  
ampl i f i e r .  Lock-in ampl i f i e r s  usual ly  a r e  ca l l ed  phase-sens i t ive  
A lock-in ampl i f i e r  i s  
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de tec to r s  because t h e  d.c. output produced by a s i g n a l  a t  t h e  
re ference  frequency is proport ional  t o  t h e  cos ine  of t h e  r e l a t i v e  
phase of t h e  s i g n a l  and the  reference.  
The e f f e c t i v e  i n t e g r a t e d  noise bandwidth BNi of t h e  ampl i f i e r  
is: BNi = 1 / 2  RC. 
served the  i n t e g r a t i n g  t i m e  Ti = l / B N i  must be less than t h e  s h o r t e s t  
t i m e  i n  which a s i g n i f i c a n t  change i n  s i g n a l  i n t e n s i t y  can occur. 
With a t i m e  cons tan t  of 1 sec, the no i se  l e v e l  w a s  below 5-10 mv. 
The d.c. output  from t h e  lock-in ampl i f i e r  i s  fed i n t o  t h e  
I f  t h e  wave shape of t h e  s i g n a l  is t o  be pre- 
Y-axis of an X-Y cha r t  recorder .  The output  s i g n a l  from the  X-axis 
I c o n t r o l  is fed i n t o  X-axis of t h e  recorder .  The c h a r t  recorder  used 
i s  a Hewlett-Packard Model 2D-2, providing an inpu t  s e n s i t i v i t y  on 
both axis of as high as 0.5 mv/l". 
s i g n a l  f o r  a 6" sweep is approximately 400 mv. 
the  Y-axis movement is approximately 8". 
with  an X-Y recorder  is  t h a t  t he  area of t h e  cha r t  is only 11" x 15", 
thereby l i m i t i n g  the  number of degrees t h a t  can be recorded t o  15" 
f o r  1"/1" reso lu t ion  o r  7" f o r  a l 0 / 2 "  r e so lu t ion .  However, i n  
t h e  experiments on t h e  oxidat ion k i n e t i c s  of s i l i c o n ,  wi th  a i r  as 
t h e  f i r s t  medium sweeps g r e a t e r  than 6"  have no t  been required.  
The vol tage  change of t he  Y-axis 
On 50 mv/inch s c a l e  
One poss ib l e  disadvantage 
2 The output  graph on t h e  chart  resemble a cos 8 curve as can 
a l s o  be shown by elementary considerat ions of t he  a n a l y s i s  of 
l i n e a r l y  polar ized  l i g h t .  
curve,  t h e  usual  procedure is t o  s e l e c t  two po in t s  on e i t h e r  s i d e  of 
t h e  minimum at  which t h e  i n t e n s i t i e s  are t h e  same, and t ake  t h e  mean 
of t hese  two s e t t i n g s  of t he  n i c o l .  
To determine t h e  minimum po in t  of such a 
Using such a procedure an 
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eccuracy of f0.01' has been achieved wi th  a i r  as t h e  f i r s t  medium. 
I f  t he  t i m e  constant  is too slow, f l a t t e n i n g  of t h e  curve w i l l  
r e s u l t ,  thus  i n v a l i d a t i n g  t h e  above method of tak ing  corresponding 
i n t e n s i t i e s  t o  determine t h e  mean pos i t i on .  
The advantages of t h i s  instrumentat ion and recording arrange- 
ment are 
( i )  Once approximate values of A and $J are known, t h i s  
method provides f o r  a rap id  scanning and a p r e c i s e  f i x i n g  of t he  
e x t i n c t i o n  pos i t i on .  
( i i )  
la ter  a t  leisure. 
It provides a permanent record which can be analyzed 
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I V .  PRECISION CALIBRATION OF THE ELLIPSOMETER 
The p r e c i s i o n  c a l i b r a t i o n  of t h e  d i f f e r e n t  e l l i p somete r  com- 
ponents namely t h e  p o l a r i z e r ,  analyzer and t h e  q u a r t e r  wave p l a t e ,  
w a s  c a r r i e d  out  as follows. 
B r e w s t e r  Angle Method 
Monochromatic l i g h t  l inear ly  po la r i zed  w a s  allowed t o  be  
i n c i d e n t  on a v i t r e o u s  s i l i ca  p l a t e  a t  t h e  angle  of incidence equa l  
t o  t h e  Brewster ang le  (I$ 
w i t h  an appropr i a t e  i n t e r f e r e n c e  f i l ter  i s o l a t i n g  A5461 w a s  used 
as t h e  l i g h t  source. Since t h e  v i t r eous  s i l i c a  behaves l i k e  a 
nonabsorbing d i e l e c t r i c  material a t  t h i s  wavelength, t h e  i n t e n s i t y  
of  the r e f l e c t e d  l i g h t  with t h e  component p a r a l l e l  t o  t h e  plane of 
incidence i s  zero,  provided the l i g h t  i s  i n c i d e n t  a t  t h e  Brewster's 
angle .  There might be a s l i g h t  complication due t o  t h e  f a c t  t h a t  a 
t h i n  s u r f a c e  f i l m  is usua l ly  present on each material preserved a t  
room temperature i n  normal atmosphere. 
i s  r a t h e r  good from t h i s  po in t  of view because t h e  th i ckness  of t h e  
s u r f a c e  f i l m  on v i t r e o u s  s i l i c a  is  usua l ly  extremely low and thus  i t  
seems t o  be a s u i t a b l e  material for  our  purposes. It i s  r a t h e r  easy 
t o  f i n d  the  p o s i t i o n  of abso lu t e  minimum of l i g h t  by r o t a t i n g  t h e  
p o l a r i z e r .  This value f i x e s  t h e  pos i t i on  of p o l a r i z e r .  During t h i s  
= 55"35' f o r  A5461 i). A mercury arc B 
But w i th  s i l i ca  t h e  s i t u a t i o n  
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c a l i b r a t i o n  of t h e  p o l a r i z e r ,  t h e  analyzer  and the q u a r t e r  wave 
p l a t e  were removed from t h e  e l l ipsometer .  I n i t i a l l y  the  c a l i b r a t i o n  
w a s  performed w i t h  the naked eye. Af t e r  e s t a b l i s h i n g  the  p o s i t i o n  
of p o l a r i z e r  approximately the  po la r i z ing  n i c o l  i s  ad jus ted  i n  i ts  
graduated c i r c l e  such t h a t  when the  p lane  of v i b r a t i o n  of t h e  
po la r i zed  l i g h t  is  p a r a l l e l  t o  the p lane  of inc idence  t h e  reading 
on t h e  c i r c l e  of p o l a r i z e r  corresponds t o  0'. The f i n a l  adjustments 
were c a r r i e d  ou t  wi th  t h e  he lp  of t h e  p h o t o e l e c t r i c  system descr ibed 
i n  Chapter 111. 
p o l a r i z e r  i s  e s t ab l i shed .  The results of t h i s  measurement is  pre- 
s en ted  i n  Table 2 t o  show t h e  accuracy of t h e  adjustments.  
Using the  same arrangement the  p o s i t i o n  of t h e  
It is seen  t h a t  t he  accuracy of t h e  s e t t i n g  of t h e  p o s i t i o n  
of t h e  p o l a r i z e r  seems t o  be q u i t e  reasonable .  
Af te r  thus  e s t a b l i s h i n g  the  p o s i t i o n  of t h e  p o l a r i z e r ,  t h e  
ana lyzer  w a s  pu t  back i n t o  i t s  own p lace  i n  t h e  e l l i p somete r .  
t h e  p o s i t i o n  of t h e  p o l a r i z e r  f ixed ,  t h e  analyzing n i c o l  w a s  ad jus t ed  
t o  be  in t he  "crossed" p o s i t i o n  with r e spec t  t o  t h e  p o l a r i z e r  and t h e  
graduated c i r c l e  of t h e  ana lyzer  was then s u i t a b l y  f ixed .  Table 3 
g ives  t h e  r e s u l t s  of t h e  checking of t h e  f i n a l  s e t t i n g  of t h e  ana lyzer .  
Keeping 
The accuracy of t h e  analyzer  adjustment i s  b e t t e r  than i n  t h e  
case  of p o l a r i z e r ,  thus  i n d i c a t i n g  t h a t  t h e  r e l a t i v e  p o s i t i o n  of 
crossed p o l a r i z e r  and analyzer  may be determined more p r e c i s e l y  than 
t h e i r  abso lu t e  p o s i t i o n s  wi th  respect  t o  the  p lane  of incidence.  
Las t ly  t h e  s e t t i n g  of quar te r  wave p l a t e  w a s  f i xed  as fo l lows .  
The p o l a r i z e r  and the  ana lyzer  were f i r s t  ad jus ted  t o  be i n  t h e  
c rossed  p o s i t i o n .  When t h e  qua r t e r  wave p l a t e  w a s  introduced i n  the 
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Table 2 





































? = (187.649 k 0.01)" or P = (187.65 k 0.01)" 
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Table 3 
Calibration of the Analyzer 
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Si = (348.501 f 0.006)' or A = 348.51 
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o p t i c a l  pa th ,  i n  gene ra l  t h e r e  w i l l  be  a r e s t o r a t i o n  of l i g h t  
i n t e n s i t y ,  unless one of t h e  axes of q u a r t e r  wave p l a t e  ( e i t h e r  
f a s t "  or! 3%low") coincides  w i t h  either the p lane  of po la r i za -  11 
t i o n  of the p o l a r i z e r  o r  of t h e  analyzer.  
q u a r t e r  wave p l a t e  w a s  adjusted and f ixed  i n  such a way t o  y i e l d  
minimum i n t e n s i t y  of l i g h t  t ransmit ted by t h e  o p t i c a l  t r a i n .  
Hence the s e t t i n g  of the 
The t y p i c a l  results of t h e  checking measurements are given i n  
Table 4. 
The accuracy of t h e  adjustment of t h e  q u a r t e r  wave p l a t e  (Q) 
i s  p r e t t y  good, i n  f a c t  much b e t t e r  than i n  t h e  case of analyzer .  
Zahradnicek Method 
The second method employed f o r  t h e  c a l i b r a t i o n  of t h e  s e t t i n g s  
12 of t h e  p o l a r i z e r  and t h e  analyzer  has been descr ibed by Vasicek. 
This method w a s  o r i g i n a l l y  developed by Zahradnicek. l3 The ha l f -  
shade method is usua l ly  used i n  this  type of c a l i b r a t i o n .  A Nakamura 
double-plate i s  placed j u s t  i n  f r o n t  of  t h e  analyzer  and a Ramsden's 
eye-piece is  used i n  t h e  te lescope.  
The f i r s t  o r i e n t a t i o n  measurement i s  performed i n  such a way 
t h a t  f o r  two d i f f e r e n t  angles  of incidence one g r e a t e r  and one smaller 
than t h e  Brewster angle  $I of t h e  material (usua l ly  a g l a s s  p l a t e )  
s i t u a t e d  on the  t a b l e  of t h e  e l l i p somete r ,  t h e  p o s i t i o n  of t h e  
p o l a r i z e r  i s  changed i n  s t e p s  of 10" from 0' t o  360' and correspond- 
B 
i n g l y  t h e  p o s i t i o n  of t h e  analyzer  f o r  e x t i n c t i o n  is  determined wi th  
t h e  h e l p  of  t h e  half-shade. The r e s u l t s  of t h e  measurements are 
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Table 4 
Quarter Wave Plate C a l i b r a t i o n  
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6 = (82 .37  f 0.002)" or Q = (82 .37  f 0.00)" + 
n *  90" ( n  = 0 , 1 , 2 , 3 )  
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then p l o t t e d  i n  a f i g u r e  and the cross-over po in t  corresponds t o  
t h e  r i g h t  p o s i t i o n s  of  t he  p o l a r i z e r  and t h e  analyzer.  But a deter-  
mination l i k e  t h i s  is usua l ly  rather rough and t h e r e f o r e  f o r  a more 
a c c u r a t e  and f i n a l  determination t h e  following procedure i s  adopted. 
For several (at  least th ree )  angles of p o l a r i z e r  near i t s  roughly 
determined p o s i t i o n  t h e  above method i s  repeated a t  several angles 
of incidence (both smaller and greater than Brewster ang le ) .  The 
r e s u l t s  of t h e  measurements are again p l o t t e d  i n  a f i g u r e  and t h e  
exac t  p o s i t i o n s  of both p o l a r i z e r  and analyzer  i s  determined from 
t h i s  f i gu re .  
Since t h e  p o s i t i o n s  of the p o l a r i z e r  and t h e  analyzer  have 
been determined by t h e  "Brewster angle method," only t h e  second p a r t  
of t h i s  Zahradnicek method was employed f o r  p r e c i s i o n  c a l i b r a t i o n .  
Three d i f f e r e n t  p o s i t i o n s  of p o l a r i z e r  (187", 188", 189') a t  s i x  
angles  of incidence (45', 5 0 ' ,  70', 75', 80', 85') were employed. 
The r e s u l t s  of t he  measurements are given i n  Fig. 10. The r e s u l t s  
of t h i s  determinat ion are given together  w i th  t h e  r e s u l t s  obtained 
by means of t he  method described previously i n  Table 5. 
Table 5 
Comparison of  P o l a r i z e r  and Analyzer Ca l ib ra t ion  by the  Method 
Using Brewster Angle and Zahradnicek Method 
Brewster Angle Method Zahradnicek Method 
i 
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It is seen  that t h e  agreement between t h e  r e s u l t s  of t h e  two 
The accuracy w i t h  which bo th  these  s e t t i n g s  methods i s  q u i t e  good. 
could be made is thus  w i t h i n  f0.01". 
is considered t o  be more accu ra t e ,  t h e s e  va lues  were used as t h e  
f i n a l  s e t t i n g s  of t h e  p o l a r i z e r  and ana lyzer  f o r  f u r t h e r  measure- 
ments. 
S ince  t h e  Zahradnicek method 
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V. SIMULTANEOUS DETERMINATION OF REFRACTIVE INDEX AND THE 
THICKNESS OF THE OXIDE FILM ON SILICON 
As mentioned i n  Chapter I our  i n t e r e s t  i s  t o  explore  t h e  
p o s s i b i l i t y  of a simultaneous determination of t h e  r e f r a c t i v e  index 
and t h e  th i ckness  of the f i l m  using two f l u i d s  as the f i r s t  medium. 
From our r e s u l t s  i n  Chapter 11, i t  is  seen t h a t  t h e  s e n s i t i v i t y  rela- 
t ive  t o  f i l m  th i ckness  i s  about the same as i n  a i r  when w e  use a 
l i q u i d  l i k e  to luene  as t h e  f i r s t  medium. Hence wi th  a s l i g h t  modi- 
f i c a t i o n  of t h e  e x i s t i n g  experimental technique i t  is  p o s s i b l e  t o  
determine A and JI wi th  t h e  sample i n  a i r  and i n  a l i q u i d ,  t o  about 
t h e  same degree of accuracy. I f  the r e f r a c t i v e  i n d i c e s  of t h e  two 
f l u i d s  used as t h e  f i r s t  medium a r e  nO1 and n 
are performed on t h e  same specimen with t h e  same f i l m  thickness  then 
and t h e  experiments 02 
w e  can w r i t e  
2nd 2 2 6* = - (nl - no2 s i n  A 
Here 6 and 6 are evaluated from the measured values  of A and JI 1 2 
using t h e  two f l u i d s  as the  f i r s t  medium. From t h e s e  two equat ions 
n and d can be  determined independently. 1 
However t h e  eva lua t ion  of 6 from t h e  measured e l l i p t i c i t y  
parameters A and $, r equ i r e s  a knowledge of t h e  r e f r a c t i v e  index of 
t h e  f i lm .  Thus t h e  above method of determining the  r e f r a c t i v e  index 
47 
of t h e  f i lm  from measurements i n  two d i f f e r e n t  f l u i d s ,  appears t o  
involve a c i r c u l a r  argument. 
s e l f  consistency approach t o  resolve t h i s  d i f f i c u l t y .  F i r s t  w e  
assume some reasonable  value f o r  the r e f r a c t i v e  index of t h e  f i lm  
and eva lua te  6 
From these  6 and 6 we  c a l c u l a t e  the  r e f r a c t i v e  index of t h e  f i l m  
n1 wi th  t h e  he lp  of equat ion (5.1). 
r e f r a c t i v e  index is not  c o r r e c t ,  t h e  ca l cu la t ed  value of t h e  re f rac-  
t i v e  index w i l l  come out  d i f f e r e n t  from t h e  assumed value.  This 
procedure is  repeated f o r  var ious c lose ly  spaced values  of t h e  
assumed r e f r a c t i v e  index, till one g e t s  a good agreement between t h e  
ca l cu la t ed  and t h e  assumed values of t h e  r e f r a c t i v e  index. I n  prac- 
t i c e  the  measured values  of A and $ w i l l  automatical ly  restrict  t h e  
range of values  of t h e  r e f r a c t i v e  index over which t h i s  s e l f  con- 
s i s t e n c y  procedure is t o  be carried out .  
t h e  na tu re  of t h e  f i l m  w i l l  permit us t o  work only with such values  
of r e f r a c t i v e  index which are phys ica l ly  reasonable.  
t h e  case of t h e  oxide f i l m  on s i l i c o n  w e  can reasonably assume t h a t  
t h e  r e f r a c t i v e  index w i l l  be i n  the  range 1.44 t o  1.55. 
i n  t h e  determinat ion of t h e  r e f r a c t i v e  index of t h e  f i l m  by the  s e l f  
consis tency procedure is q u i t e  high, as w i l l  be seen from t h e  d i s -  
cuss ion  below. 
However i t  is  poss ib l e  t o  employ a 
and 62 from t h e  measured A and J ,  with  t h e  two f l u i d s .  1 
1 2 
I f  t h e  assumed value of t h e  
I n  add i t ion  a knowledge of 
For example i n  
The accuracy 
Experimental Procedure and R e s u l t s  
The experimental  technique involved i n  e l l ipsometry  has  
a l r eady  been descr ibed earlier i n  the  t h e s i s .  The only modif icat ion 
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involved i n  t h e  l i q u i d  technique i s  t h e  provis ion  f o r  a sample holder  
t o  hold t h e  specimen i n  t h e  l i q u i d  contained i n  a s u i t a b l e  c e l l ,  
The s i l i c o n  samples, used i n  t h e  measurements, were c u t  from a 
s i l i con -pu l l ed  c r y s t a l  obtained from Texas Instruments Incorporated.  
The c r y s t a l  was o r i en ted  i n  t h e  [ l l l ]  d i r e c t i o n .  The r e s i s t i v i t y  of 
t h e  s i l i c o n  c r y s t a l  w a s  15-30 ohm cm. 
t h i s  range, t h e  c r y s t a l  c leaves e a s i l y  i n  t h e  (111) p lane  by t h e  
Gobeli and Allen technique. 
e n t e r s  and leaves  t h e  c e l l  normal t o  t h e  c e l l  windows. The two cel l  
windows were inc l ined  a t  40" t o  each o t h e r  so t h a t  t h e  inc iden t  and 
r e f l e c t e d  l i g h t  rays  make an angle  of 140" with each o the r .  
sample holder  was a goniometric head s u i t a b l y  mounted i n  t h e  l i q u i d  
c e l l .  
could be e a s i l y  centered and adjusted t o  coincide with t h e  v e r t i c a l  
a x i s  of r o t a t i o n  passing through the  cen te r  of t h e  t a b l e  of t h e  
e l l i p somete r .  
t h e  c e l l  and a s u i t a b l e  po r t ion  of t h e  sample w a s  used f o r  l i g h t  
i n c i d e n t  at an angle of incidence of 70" with the  above arrangement. 
When t h e  r e s i s t i v i t y  is i n  
This c e l l  w a s  so designed t h a t  l i g h t  
The 
With t h i s  arrangement t h e  r e f l e c t i n g  su r face  of t h e  sample 
A l l  t hese  adjustments could be done without  d i s tu rb ing  
It must be mentioned he re  t h a t  t he  proper o r i e n t a t i o n  and 
cen te r ing  of t h e  sample i s  absolu te ly  necessary i n  t h i s  technique as 
otherwise a l a r g e  e r r o r  is introduced i n  t h e  measured values  of t h e  
angles  of p o l a r i z e r  and analyzer .  The r e s u l t s  reported he re  are on 
s i l i c o n  samples cleaved p a r a l l e l  t o  t h e  (111) plane using the  w e l l -  
known technique of Gobeli and Allen.14 The samples were heated i n  
a c lean  furnace and due care w a s  taken t h a t  no a d d i t i o n a l  d i s l o c a t i o n  
sources  o r  contamination were formed on t h e  sur face .  This w a s  
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achieved by p r o t e c t i n g  t h e  s u r f a c e  of t h e  sample by not  l e t t i n g  t h e  
I s u r f a c e  touch o r  be touched by any o the r  o b j e c t  a f t e r  cleavage. The 
I samples were kept  on a platinum f o i l  wh i l e  being heated. The heated 
samples were aged in  a i r  f o r  a day o r  two so t h a t  t h e  th i ckness  of 
t h e  S i 0 2  f i l m  on Si s t a b i l i z e d  t o  a constant  value,  and would no t  
change during t h e  t i m e  involved i n  measurements. 
Independent determinat ions of A and JI w e r e  made by using t h e  
method descr ibed above both i n  t h e  case of a i r  and l i q u i d .  
p re sen t  measurements t h e  l i q u i d  used w a s  e i t h e r  t o luene  o r  benzene. 
Both t h e  l i q u i d s  whenever used were from a f r e s h l y  opened b o t t l e  of 
a n a l y t i c  reagent type l i q u i d ,  The r e f r a c t i v e  i n d i c e s  of toluene and 
benzene used were experimentally found using an Abbe Refractometer. 
The Abbe Refractometer used w a s  capable of measuring r e f r a c t i v e  
i n d i c e s  of l i q u i d s  from 1 .3  t o  1 . 7  on a scale which could b e  read t o  
0.0001 w i t h  an accuracy of 0.0002. The refractometer  w a s  maintained 
a t  a constant  temperature by allowing water from a constant  tempera- 
t u r e  b a t h  t o  c i r c u l a t e  around the l i q u i d  sample and t h e  prisms. The 
values  found are 1.4956 and 1,4992 r e s p e c t i v e l y  a t  2 3 . O o C  from an 
average of t e n  measurements as shown i n  Table 6. 
ments on e l l i p somet ry  were made i n  an a i r  conditioned room where t h e  
temperature w a s  a l s o  maintained at t h e  above value.  
I n  t h e  
15 
A l l  t h e  measure- 
From t h e  measured values of A and 9 ,  t h e  value of 6 w a s  
evaluated with t h e  he lp  of t h e  computed t a b l e s  (some of t h e  r e l evan t  
t a b l e s  are included i n  Appendix C).  
descr ibed above was appl ied.  
of t h e  refractive index of t h e  f i lm  w a s  obtained by t h i s  method. 
The s e l f  consis tency procedure 
Figure 11 shows how t h e  c o r r e c t  value 
I n  
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Table 6 
Determination of Index of Refraction of Toluene and 
Benzene Using Abbe Refractometer 
Temperature: 23.OoC 
Refractive Index Refractive Index 
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ASSUMED REFRACTIVE INDEX 
Fig. 11. P l o t  of t h e  computed values  of t h e  r e f r a c t i v e  
index of f i l m  aga ins t  t h e  assumed va lues ,  i n  
t h e  s e l f  consistency procedure 
1.50 
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t h i s  f i g u r e  t h e  conputed values  of t h e  r e f r a c t i v e  index of the f i l m  
are p l o t t e d  as a func t ion  of t h e  assumed values.  
of  t h i s  curve w i t h  the s t r a i g h t  l i n e  a t  45" t o  the axis of the 
a b s c i s s a  gives t h e  a c t u a l  value of t h e  r e f r a c t i v e  index of t h e  f i lm.  
I f  t h e  assumed va lue  of t h e  r e f r a c t i v e  index is less than this  
c o r r e c t  value,  t h e  ca l cu la t ed  value comes o u t  t o  be lower than t h e  
assumed value.  On t h e  o t h e r  hand i f  the assumed value i s  more than 
t h e  c o r r e c t  value,  t h e  ca l cu la t ed  value comes o u t  t o  be h ighe r  than 
t h e  assumed value.  Very c l o s e  t o  the c o r r e c t  value of t h e  r e f r ac -  
t i v e  index t h e  ca l cu la t ed  value va r i e s  s t e e p l y  wi th  t h e  assumed 
value.  Hence t h e  c o r r e c t  value of t he  r e f r a c t i v e  index can be f ixed  
very p rec i se ly .  
The i n t e r s e c t i o n  
An estimate of t h e  e r r o r  i n  t h e  r e f r a c t i v e  index of t h e  f i l m  
determined by t h i s  procedure was made as follows. 
of  A w a s  changed by f 2 "  and t h e  s e l f  consistency procedure was 
app l i ed  i n  t h e  two cases t o  c a l c u l a t e  t h e  corresponding values  of t h e  
r e f r a c t i v e  index of t h e  fi lm. It is found t h a t  t h i s  change of f2"  
i n  A causes an e r r o r  of f0.004 i n  the  value of t h e  r e f r a c t i v e  index. 
For f i l m  thickness  less than 60 i, t h e  l i m i t  of e r r o r  i n  t h e  r e f r ac -  
t i v e  index is more. I n  t h e  present  series of measurements t h e  value 
of A i n  t h e  l i q u i d  can be determined t o  f l "  and i n  a i r  t o  f0.02". 
The measured value 
Table 7 g ives  t h e  values of t he  r e f r a c t i v e  index and t h e  f i l m  
thickness  determined by t h e  above method on seven samples of s i l i c o n  
wi th  varying oxide f i l m  thicknesses.  
as 4a and 4b are matched p a i r s  of cleaved s u r f a c e s  oxidized and 
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handled cnder similar condi t ions.  The t a b l e  a l s o  gives  t h e  l i q u i d  
i n  which t h e  measurements were c a r r i e d  out .  
The following conclusions can be  reached. All t h e  seven d i f -  
f e r e n t  specimens g ive  c o n s i s t e n t  values f o r  t h e  r e f r a c t i v e  index of 
t h e  f i lm.  The average value of the r e f r a c t i v e  index thus found i s  
1.484 f 0.004. Measurements on matched p a i r  of specimens w i t h  two 
d i f f e r e n t  l i q u i d s  g ive  t h e  same value f o r  t h e  f i l m  th i ckness  w i t h i n  
t h e  l i m i t s  of accuracy. 
I n  a l l  t he  previous i n v e ~ t i g a t i o n s ~ ’ ~  on t h e  k i n e t i c s  of oxi- 
d a t i o n  of s i l i c o n ,  t h e  r e f r a c t i v e  index of t h e  oxide f i l m  was taken 
t o  b e  1.460, t h a t  of v i t r e o u s  s i l i c a .  The ordered forms of Si02 l i k e  
c r i s t o b a l i t e ,  a-quartz,  etc.  have considerably higher  value than  
1.460. 
t h e  oxide f i l m  gives  a value 1.484 which d e f i n i t e l y  i n d i c a t e s  t h a t  
t h e  oxide f i l m  has a high degree of o rde r  a t  such small f i l m  thick-  
nes ses  ( < 300 h ) .  
index of c r i s t o b a l i t e .  
cluded from t h e s e  measurements t h a t  t hese  oxide f i lms have t h e  
c r i s t o b a l i t e  s t r u c t u r e .  It would be  i n t e r e s t i n g  i f  one could o b t a i n  
a more d i r e c t  evidence about t h e  s t r u c t u r e  of  t h e s e  oxide f i lms ,  
say by the  Low Energy Electron Di f f r ac t ion  technique. 
The p resen t  d i r e c t  determination of t h e  r e f r a c t i v e  index of 
I n  f a c t  t h i s  value is  c l o s e  t o  t h e  r e f r a c t i v e  
It i s  nc# known whether i t  could be  con- 
75. 
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V I .  SUMMARY AND CONCLUSIONS 
In  e l l i p somet ry ,  t he  i n t e r e s t i n g  case of  l i g h t  i n c i d e n t  from 
a dense medium l i k e  l i q u i d  on t o  a f i l m  over an absorbing s u b s t r a t e  
has  been s t u d i e d  t h e o r e t i c a l l y  f o r  the two cases:  ( i )  when t h e  angle  
of incidence $o is  less than t h e  c r i t i ca l  angle  0 
$ o ' >  9,. 
w i th  which t h e  thickness  of t h e  f i l m  wi th  an assumed r e f r a c t i v e  index 
and ( i i )  when 
C 
" "A$ +%'' 
Detai led c a l c u l a t i o n s  have ind ica t ed  t h a t  t h e  s e n s i t i v i t y  
can b e  measured is n e a r l y  t h e  same whatever be t h e  f i r s t  medium f o r  
t h e  case when < 0,. When 0, > 41 , t h e  s e n s i t i v i t y  i s  very poor. C 
It has been f u r t h e r  shown t h a t  by combining the  two sets of 
measurements on the e l l i p t i c i t y  parameters w i th  a i r  and a l i q u i d  
as t h e  f i r s t  medium, i t  is p o s s i b l e  t o  eva lua te  t h e  th i ckness  and 
t h e  r e f r a c t i v e  index of t h e  f i l m  independently by a s e l f  consistency 
procedure.  Measurements on oxide f i l m s  on a s u b s t r a t e  of s i l i c o n  
by e l l i p s o m e t e r  w i th  t h e  samples immersed i n  a i r  o r  benzene o r  
t o luene  i n d i c a t e  t h a t  t h e  value of  t h e  r e f r a c t i v e  index of t h e  t h i n  
f i l m s  i n  t h e  range 80-300 
1.460 as has  been assumed by previous workers. 
s a r y  t o  r e v i s e  t h e  earlier conclusions of Archer7 regarding t h e  
ox ida t ion  k i n e t i c s  of s i l i c o n ,  s i n c e  they were based on t h e  assump- 
t i o n  t h a t  t he  r e f r a c t i v e  index of t he  s i l i c o n  dioxide i s  1.460. 
F i n a l l y ,  it should be noted t h a t  t h i s  i s  t h e  f i r s t  t i m e  t he  
i s  1.484 f 0.004 f o r  A5461 1 and no t  
Hence, i t  i s  neces- 
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r e f r a c t i v e  index & t h e  thickness  of t h e  very t h i n  f i l m  ( ~ 8 0  t o  
200 i) i n  an absorbing s u b s t r a t e  has been independently determined. 
Suggestions f o r  Further  Research 
With t h e  instrumentat ion developed and descr ibed earlier i n  
t h e  t h e s i s ,  i t  is  now p o s s i b l e  t o  study t h e  growth of Si02 f i l m  on S i  
s t a r t i n g  from t h e  c r y s t a l  cleavage t i m e  t o  t h e  t i m e  when t h e  f i l m  
growth is  s t a b i l i z e d .  
vacuum system w i t h  a f a c i l i t y  t o  con t ro l  p a r t i a l  p re s su re  of oxygen 
and a l s o  a f a c i l i t y  t o  cleave t h e  c r y s t a l  i n  vacuum. 
systems have a l r eady  been designed and f a b r i c a t e d  by t h e  author.  
The c r y s t a l s  can now be cleaved i n  vacuum by t h e  Gobeli and Allen 
technique; and t h e  p a r t i a l  p re s su re  of oxygen can be con t ro l l ed  by 
two methods: ( i )  by introducing a con t ro l l ed  oxygen lead i n  t h e  
system and ( i i )  by a bu f fe r ing  system of FeO-Fe2Og introduced i n  
t h e  vacuum l ine  w i t h  an arrangement t o  c o n t r o l  the temperature of 
t h i s  mixture p r e c i s e l y .  These measurements should reveal t h e  
mechanism and k i n e t i c s  of oxidat ion of s i l i c o n  completely. 
These measurements r e q u i r e  an u l t r a  high 
A l l  t h e s e  
14 
It w i l l  a l s o  be  i n t e r e s t i n g  to  study t h e  s t r u c t u r e  of t h e s e  
t h i n  Si02 f i lms  ( l e s s  than 200 i). 
experiments performed on these  fi lms may g ive  a c l u e  t o  t h e  s t r u c -  
t u r e  . 
Low energy e l e c t r o n  d i f f r a c t i o n  
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APPENDIX A 
A DAFT Program for the Interpretation of Ellipsometric 




2 0 1  
2 0 7  
2 0 3  
2 0 4  
2 0 5  
206 
7 0  { 
61 
ZOH 
7 1 0  
1 0 1  
5 0 0  
h 0 0  




6 3  
A DAFT Program for the Interpretation of Ellipsometric 





A Sample o f  Computed Tables  
67 
no - 1.0 , n1 - 1.460 , A - 5461 i 
-_ __ ..- 
0.00 179.038 
0 . 0 2  178.954 
._ .- 0 . 0 1  . 178.996 __ - . -




0.03 178.912 11.t+? 
0.04 178.870 11.764 
. 0 . 0 5  l l 8 . 8 2 t  .. 11.764 
0.06 178.786 11.764 
0 . 1 1  _ _  l_l8.5.L5 
0 . 1 2  178.533 
0 . 1 3  178.491 
0 . 1 4  178.449 
0 .15  178.407 
0 .16  178.365 
. 178,323 
0.18 178.281 
__ 0 .17  - _. __ 
- 9.12 . 178,239 
0.20 178.197 11.766 
11.764 










0.24 178.028 11.767 






0 . 3 2  177.692 
- 0 .27  177.902 
0.33 177.650 
0.39 177.607 
9 - 3 5  177.565 
0.36 1??.523 
-- --___ 
0 .37  177.481 
0.38 177.439 
0 . 3 9  177.397 




0 .80  175.675 
















- - . -_ __ 
_ _ _  1.90 
2.00 
- 2 .20  






















4 .20  161.725 
4 .40  160.934 
4 - 6 0  160.147 
4.0C 159.365 



























! l . 8 2 3  




















































































1 7 4 . 4 0  
174.6@ 






































































2 0 2 . 1 2 7  
IC1 - 9 5 8  
201.184 
200.406 




































































12 .434  
1 2 . 3 9 t  





















177 .20  
178.10 
178.30 






178 .90  





179 .60  
179.61 
179.62 
179 .63  
179 .64  






































































1 9 6 . u e  - 
Leo. 596 















































































































no - 1.0 , n1 - 1.484 , A - 5661 t 
SMALL 
DELTA D E L T A  P S I  
_ _ _ ~  .. 
__ __ 
0.00 179.038 11.763 
- 0.01-- 178.996 11.763 
0.02 178.955 11.763 
0.03 178.913 11.763 
0.04 178.871 11.764 
- -- 0.05- . 178.029 11.764 
0.06 178.787 11.764 
. _ _ _  0.07 178.745 11.764 
0.08 178.703 11.764 
0.09 178.661 11.764 
0.10 178.619 11.764 
0.11 - 178.577 11.764 
0.12 178.535 11.765 
0.13 178.494 11.765 
0.14 178.452 11.765 
0.15 178.410 11.765 
0.16 178.368 11.765 
___- - __ -
0.17-- 178.326 11.765 
0.18 178.284 11.765 
-._0.19-- 178.242 11.766 
0.20 178.200 11.766 
11.766 - 
0.24 178.033 11.766 
. ._ 0.25 177.991 11.767 
0.26 177.949 11.767 
0.27 177.907 11.767 
0.28 177.865 11.767 
0.29 177.823 11.767 
0.30 177.781 11.768 
__ 0.31 177.740 11.768 
0.32 1t7.698 11.768 
-__ 0.33 177.656-_-. 11.768 









___ 0.70 176.108 
0.80 175.690 --_ 0.90 1751272 







- 1.70 171.943 
1.80 171.529 - -1.90 171.116 
2.00 170.702 ---_ 2.20 169.878 
2.40 169.056 
-2-*6g-. 168.2 36 
2.80 167.420 
-. - 3.00 166.606 
3.20 165.795 
~ _ _ _ _  - 
3.40 Jl2938 
3.60 164.184 
- 3.80 - 163.384 
4.00 162.587 













































































































































































































































































































































































































































































































0 . 0 8  
0.10 
C . 1 1  
0.12 
6.13 






t . 2 0  













































































































351 - 8 5 3  
350.345 











































































































































































































































k - 5461 






































































































































































































































































































no - 1.4956 , n1 - 1.484 , h - 5461 
_m?!? ... - 
O E L T A  O E L T A  
-. 
0.00 1.686 
-0 LO 1. 1.665 
0.02 1.444 










0.15L--- 1.315 _-  
0.16 1.354 








0 . 2  1.250 
0.22 1.230 
0.23 1.209 _ _  
0.24 i . i n 8  
0.25 1.161 
0.26 7.126 





- 0.35 6.959 
6.36 _ -  6.939 
0.33 1 .OOl 
-~ 0.31-- 6.918 
0.38 6.897 
2 - 3 9  6.876 
0.40 6.855 
- 0.50- 6.641 
0.60 6.438 
__ 0.10 6.229 
0.80 6.020 




1 83- -- 3.923 
1.50 4.553.-- - 
--- __ 
.- 1-90  .. 3.113 
2.00 3.503 
- 2.20 3.083 
2.40 2 -663 
2.60 2.244 
2.80 1.825 




---__ . - 
3.80 359.146 
4 - 0 0  359.334 
5 - 2 0  358.924 
4.40 358.515 
__ 4.60 358.108 
4 - 8 0  351.104 
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0 .05  
0.06 
0 . 0 7  




















0 .30  
0.31 
0.11 
q L 2 r  
0.32 
0.33 
0 . 3 5  
C.36 
0 . 3 8  
0.39 















2 . 2 0  
2.40 
2.60  























































































330.r iz  
331.688 







































































2 . o ~  
2.137 




























5 2 . 5 0  
56 .00  
60.00 
64.00 
6 8 . 0 0  
7.00 
72.00  
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328.  a91 
3 2 7 . 2 4 ~  
326.474 
3 1 8 . 8 3 8  
















































































































































i r 5 . 8 0  
176.20 
176.40 
i r r . 0 0  
i i r . 2 0  
177.40 
i i r . 6 0  
i r7 .80  
i r8 .00  
i r8 .30  
178.40 
i r8 .50  













































































2 2 . w  
21.574 
20.145 













































































































































7 - 1 4  
0.15 
0.16 
t . 1 7  
C.18  
2 - 1 9  
0.2c 














u . 3 6  
c.37 

















































































4.935 e - 6 6 7  
























354.1 55  
no - 1.4992 , n1 - 1.484 , 


























































































































1 5 2 J 9 0  



















1 1 2 .do 


























3 3 4 .  SO2 
336.73.. 









358, 57 7 
0.823 
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< = 5 4 6 1 A  























































































































































































































































1. 9 4 2  
1.940 
1.938 
1.936 
1.935 
1.933 
1.933 
1.933 
1.933 
1.933 
1.933 
1.932 
1.932 
1.932 ’ 
1.932 
1.932 
1.932 
1.931 
1.931 
1.931 
1.931 
1 .931 
1.931 
1.931 
1.93C 
1.930 
1.930 
1.930 
1.930 
1.930 
1.930 
1.930 
1.929 
1.929 
1.929 
1.929 
1.929 
1.929 
1.929 
1.929 
1.928 
1.92A 
1.928 
1.928 
1.928 
1.928 
